This study investigates peroxide crosslinking of two low-density polyethylene grades of similar number average molecular weight but differing molecular weight distribution. At gel contents typically associated with dicumyl peroxide (DCP) crosslinked foams, crosslinking and melt tensile properties of the solid matrix, foaming behaviour and foam properties were not significantly different.
INTRODUCTION
Crosslinked polyethylene foams are in standard commercial production and it is known that the properties are dependent on processing parameters and formulation including the exact nature of the base polymer, the nature and concentration of chemical crosslinking agents (or radiation dose) and blowing agents (1) . Molecular crosslinking is the most important structural modification (2) . However, different base polymers used in polymer foam formation give different physical, mechanical and electrical properties and affect their processability (3) .
The efficiency of polypropylene crosslinking by radicals formed by thermal decomposition of peroxide is relatively low (4) due to the fact that polypropylene is prone to degradation through chain scission during the crosslinking process. Commercial manufacture of crosslinked polypropylene homopolymer foams is therefore extremely difficult. It appears that the presence of polyfunctional monomers especially those capable of producing more stable allylic radicals (5) may hold some promise in facilitating the crosslinking of polypropylene. This paper is the precursor to such studies.
Little work has been published on chemical crosslinking propylene homopolymer whereas peroxide crosslinking of polyethylene has been studied extensively (1) . This work studies the effect of introducing a polyfunctional monomer, triallylcyanurate (TAC), into dicumyl peroxide (DCP) crosslinked low-density polyethylene (LDPE). Formulations were adjusted to produce a gel content of 70%, which was found to be optimal for crosslinked polyethylene foam production by compression moulding processes (6) . This preliminary study considers solid matrix properties (including melt strength at elevated temperatures, which is a fundamental aspect in foaming production (7) ) of two grades of LDPE as a function of DCP concentration alone and in the presence of varying quantities of polyfunctional monomer. It is also presents foaming results of selected formulations.
EXPERIMENTAL Materials

Base polymer
Two grades of low-density polyethylene were used, Stamylan 1808 and 1908, subsequently referred to as 1808 and 1908 respectively. Both materials were manufactured by DSM utilising a high-pressure free-radical polymerisation process but differed in the type of the reactor used. 1908 was batch polymerised in a stirred autoclave and 1808 was continuously polymerised using a tubular reactor that tends to produce a polymer with broader molar mass distribution in comparison to 1908. These grades were selected to determine the effects of molecular weight distribution on crosslinking and foaming. Both grades were of similar number average molecular weight but 1908 was a relatively tight distribution whereas 1808 was much broader. Each grade differs slightly in density 1908: 919 kg m -3 and 1808: 918 kg m -3 , but both have the same nominal melt flow index of 8 dg min -1 . The slightly lower density and higher M w and M z values of 1808 tend to suggest greater side chain branching and thus a greater number of tertiary hydrogens (at each branch junction) which may increase crosslink efficiency (8) . The number average (M n ), weight average (M w ) and z-average (M z ) molecular weights are shown in Table 1 .
Crosslinking agent
The crosslinking agent used was dicumyl peroxide (DCP) selected for its suitable decomposition attributes with a half-life of 10 hours at 115°C and 1 minute at 171°C (1) . This provides convenient dissociation behaviour for compounding into the polymer with little or no decomposition and a satisfactory rate of crosslinking for both batch and continuous processing at elevated temperature. However in order to overcome mixing problems, DCP was used in a modified form. Perkadox BC-40kd, manufactured by AKZO Chemicals, consisted of 40% DCP on 60% inert clay carrier, thus it was therefore necessary to calculate weight adjustment in order to obtain 100% DCP equivalence. The range of DCP concentrations used was 0 to 1.0 phr (parts per hundred resin).
Polyfunctional monomer
The polyfunctional monomer (alternatively called coagent) used was triallylcyanurate (TAC) manufactured by Degussa with a melting point of 27.3°C. Concentrations ranged from 0.025 to 5.0 phr.
Blowing agent
The chemical blowing agent used in all foaming studies was a commercially available blowing agent (BA) system, DP45/1, manufactured by Bayer AG. It is based on activated azodicarbonamide (ADC) and formulated for blowing polyolefins by compression moulding techniques. The system was reported (9) to contain ZnO as activator and a co-blowing agent (oxybisbenzenesulphonylhydrazide) to reduce the ADC decomposition temperature from approximately 220°C (1) to more suitable levels (approximately 165°C). All foaming studies used a fixed concentration of 8.0 phr DP45/1. 
Sample preparation
Compounding
Initial mixing was conducted on a thermostatically controlled, electrically heated two-roll mill with the front roll set at 20 rpm and the back roll at 24 rpm. In order to facilitate mixing, roll temperatures were initially set at 115°C, slightly higher than the melting point of LDPE. A small quantity (~20g) of LDPE granules was placed in the nip, eventually melting and banding the granules, then adding further small quantities of LDPE granules until all the LDPE charge melted. To keep a similar heat history the procedure was timed at approximately 5 minutes. The roll temperatures were then reduced to 105°C (i.e. slightly below the melting temperature) forming a rubbery opaque LDPE band which facilitated handling for further compounding. Immediately following the banding step, the polyfunctional monomer was added (where applicable) cutting and folding over a period of 5 minutes to obtain a homogeneous mix, followed by the blowing agent (where applicable). This was added progressively over a period of 10 minutes. The final addition was the peroxide crosslinking agent over a period of 3 minutes with continuous cutting and folding. DCP was added last to minimise the chance of premature dissociation and crosslinking.
The compounded sample was allowed to cool to room temperature and stored in a controlled environment at 23 ± 2°C and 50 ± 5% relative humidity for a period of 24 hours before further processing.
Crosslinked matrix
Compression moulding was used to shape and crosslink the polymer (1) . Approximately 45g of compound were placed in a pre-heated square plate mould of thickness approximately 1.5 mm with both inner surfaces of the mould covered by PET sheets to obtain release and good surface finish. However in the case of compounded LDPE containing crosslinking coagent concentrations above 0.5phr, the PET sheets were replaced by PTFE to obtain adequate release.
The mould was transferred to the press and held under contact pressure for 1 minute to allow the polymer to start to flow to take up the contours of the mould. The pressure was then increased rapidly to 14MPa and maintained under this pressure at 165°C for a period of 20 minutes. The mould was then water-cooled under pressure until the mould temperature reached 30 o C. The crosslinked polyethylene sheet was removed from the mould and stored at 23 ± 2°C and 50 ± 5% relative humidity for a period of 24 hours before testing.
Foam production
The initial foaming was carried out by a two stage heat and chill technique (10) , where small pieces of foamable matrix equivalent to 103% of the mould cavity (about 83g) were weighed out and placed into a mould (approximately 10mm deep) pre-heated at 165°C. Then the mould was transferred to the press and subjected to a pressure of 12MPa for 20 minutes at 165°C. After this dwell time was reached, the mould was watercooled under pressure until the platen temperature reached 30°C. The pressure was then released and the partially expanded compound was immediately transferred to a circulating hot air oven at 130°C for 20 minutes to gradually complete the expansion. Foam samples were stored at 23 ± 2°C and 50 ± 5% relative humidity for a period of 24 hours before testing.
Testing
1.Gel content determination
The gel content was determined in accordance with standard procedures (11) by refluxing in boiling xylene for 24 hours. The crosslinked matrix samples were placed in mesh cages, labelled and weighed. After refluxing in xylene, residual solvent was removed in a preheated vacuum oven installed with cold trap at a temperature of 140°C for a period of 4 hours at <0.1 bar. The cages were then removed, allowed to cool and reweighed. Five samples were used for determining the insoluble fraction (gel content) giving an experimental error within 3% of the mean. The gel content was calculated according to equation 1
where: W 1 = the weight of the mesh cage W 2 = the weight of the mesh cage and sample W 3 = the weight of the stapled cage and sample W 4 = the weight of the stapled cage and sample after extraction and drying
Melt tensile measurements
To conveniently gain an assessment of melt strength of the polymer during foam expansion, tensile testing of the crosslinked matrix was carried out at 130°C (the expansion temperature in the final stage of the (1) heat and chill process). Dumbbell tensile specimens were die cut from the crosslinked matrix sheet and placed in the jaws of an Instron tensile testing machine fitted with an environmental chamber set at 130°C. The samples were conditioned at the test temperature for 10 minutes before beginning the test. The gauge length was set at 30mm and the crosshead speed at 20 mm min -1 . Results allowed assessment of melt modulus, ultimate strength and elongation at break.
As at 130°C all crystallinity had been destroyed, the amorphous elastomeric material could be considered thermodynamically in a manner analogous to vulcanised rubber. The basic concepts relating modulus to crosslink density were presented by Flory (12) and Treloar (13) giving equation 2
Where E is the modulus, ρ is the polymer density, R is gas constant, T is temperature and M c the mean molecular mass of the chain between successive points of crosslinkage.
Treloar (13) developed equation 2 to indicate that the crosslink density, c, is given by equation 3.
c = E / 6RT
Foam density measurement
Foam density was determined by measuring the weight and volume of a regular shaped specimen (14) . Regular parallelepiped samples of 50 x 50 x 20 mm were cut from a uniform area without skin, holes and irregularities. Exact dimensions were measured to an accuracy of 0.1 mm using vernier callipers. Measurements were made on undistorted specimens conditioned at 23 ± 2°C and 50 ± 5% relative humidity for a period of 24 hours. The weight of the specimens was then determined on a balance to an accuracy of 0.3%. Foam density, ρ f , was given by equation 4
where M f was the specimen mass in kg and V f was the specimen volume in m 3 . The result was quoted as the mean of ten separate determinations.
Cell imaging and cell size determination
Cellular structure of foam specimens was assessed using a Scanning
Electron Microscope (SEM) image. Foam specimens for SEM studies were prepared by cutting sections of foam from the central region using a razor blade. The sections were cut parallel to the direction of foam rise. Specimens were mounted on circular SEM stubs with doubled sided adhesive tape, placed in an Edwards S-150-HB sputter coater and coated with gold vapour for two minutes in an argon atmosphere under a vacuum pressure of 0.3 bar. To avoid excessive heat build in the sample the coating was carried out in four separate sputter coatings of 30 seconds each allowing an interval of 30 seconds between each coat. Once coated, the edges of the specimens were joined to the SEM stub surface by applying silverdag to ensure good conduction. This prevented the polymer from being excessively charged by the electron beam to maintain a good image quality.
Visual images of prepared specimens were viewed using a Phillips SEM 505 model operating at a spot size of 100 nm and low beam energy at an accelerating voltage of 4 kV. The SEM images allowed an estimation of the mean apparent cell size of the foam samples. The method used was referred to by other workers (15) . Reference lines were drawn vertically and horizontally at one-third distance along the images and across the diagonals. The number of cells bisected (f i ) by each line were counted and the average cell size was calculated using equation 
RESULTS AND DISCUSSION
Effect of molar mass distribution on gel content
The results of gel content for crosslinked 1808 and 1908 samples as a function of various DCP concentrations (after compression moulding at 14 MPa, 165°C for 20 minutes) are shown in Figure 1 . Generally the results showed that there was no significant difference in gel content between the two grades of polyethylene above 0.25 phr DCP concentration (~50% gel) which supported the work of O'Connor (6) . However for 1908, low DCP concentrations (specifically less than 0.15 phr) showed lower gel contents compared with 1808. This hinted that 1908 had lower crosslinking efficiency below a critical DCP concentration. This, in turn, suggested a (5) lower tertiary hydrogen concentration (i.e. lower degree of chain branching) compared with 1808. This is indeed implied by the fact that 1908 has marginally increased density and lower M w and M z . Therefore the chain radicals formed by abstraction of hydrogen atoms from the polymer chain were less energetically favoured and hence the probability of network formation was lower. It is further surmised that DCP concentrations of 0.25 phr and above gave a sufficient concentration of primary and chain radicals to increase probability of network formation to similar levels as 1808.
With 1808, the likelihood of slightly higher concentrations of tertiary hydrogen (greater chain branching) increased the probability of mutual termination of chain radicals even at low DCP concentrations compared to 1908. This trend was also found by Sims and Khunniteekool (16) . The curves indicate there is a sharp increase in gel content with increasing DCP concentration from 0.15 phr to 0.25 phr and from 0 to 0.1 phr for 1908 and 1808 respectively, then a more gradual increase following similar trends for each of the base polymers as the DCP concentration is increased to 1.0 phr.
The sharp increase in gel content was attributed to higher amounts of crosslinking agent (DCP) generating primary and secondary polymer radicals in sufficient concentrations to significantly increase the probability of network formation (rather than significant proportions of two- dimensional molecular extension that was suspected at low DCP concentrations) thus leading to the higher gel content. The levelling off in gel content as the DCP concentration increased to 1.0 phr was assumed at this stage to be due to increased crosslinking primarily as a result of an increase in intra-rather than inter-molecular crosslinking i.e. increased crosslink density. Similar trends have been observed by other workers (5) . Since both LDPE 1908 and 1808 have similar densities and melt flow indices and the major difference was in molar mass distribution (1908 being sharper (6) ), they provided useful starting materials to compare the effect of molar mass distribution on the physical properties. It appeared that 1808 and 1908 crosslink to similar degrees in the range of DCP concentrations required for stable foam formation (generally accepted as above 50% for chemically crosslinked, chemically blown foams (6, 16) ) and that the molar mass distribution did not significantly affect the balance of crosslinking reactions (as determined by gel content) in this range.
Having established the crosslinking behaviour with DCP alone, the work was extended to assess the effect of the addition of a potential crosslinking promoter. The initial crosslinking coagent selected was triallyl cyanurate (TAC), a polyfunctional monomer containing allylic double bonds which form radicals that are more stable than alkyl radicals (8) .
The effect of incorporating TAC into the formulation was investigated (i) varying DCP concentration at selected fixed concentrations of TAC and (ii) varying TAC concentrations using 0.25 phr DCP.
Effect of DCP concentration on gel content using a fixed TAC concentration
The effect on gel content of varying peroxide (DCP) concentration at fixed TAC concentrations of 0.5, 2.0 and 5.0 phr using 1908 is shown in Figure 2 . All formulations incorporating TAC showed a higher crosslinking level at each particular DCP concentration than when using DCP alone. The increase in gel content was relatively rapid up to 0.1 phr DCP, whereas it was much more gradual at higher DCP concentrations. The initial steep rise in gel content suggested a significant increase in the probability of three dimensional network formation. At a DCP concentration of 0.1 phr in the absence of TAC a gel content of approximately 5% was achieved (Figure 1) , whereas in the presence of 0.5 phr TAC the gel content was 54%. It was evident that the presence of TAC did act as a crosslinking promoter because of the dramatically increased crosslinking efficiency. This suggested that the presence of TAC increased the crosslinking level by incorporating into the polyethylene structure and making more effective use of radicals generated by DCP. This is supported by the work of Tapan et al (17) who found that TAC was very efficient in producing high yields of radicals during irradiation and, as a result, this helped in achieving better graft copolymerisation of monomer to polyethylene and enhanced the crosslinking efficiency. This trend was also observed by Simunkova et. al (18) who generally showed that by using similar concentrations of DCP in crosslinking polyethylene with and without TAC, the sample containing TAC gave higher crosslinking levels than DCP alone.
However within the limits of experimental error, the results tended to indicate that at a specific DCP concentration (in the presence of TAC), the gel content appeared to be relatively independent of the TAC concentration in the range 0.5 to 5.0 phr. This has potential implications on the commercial use of TAC as a crosslinking promoter in that a concentration greater than 0.5 phr appears to offer no specific advantage. However, higher TAC concentrations are later shown to be less effective.
The phenomenon seems to suggest that as the TAC concentration is increased above a critical concentration, no corresponding meaningful increase in gel content is obtained. This would strongly suggest that some form of TAC oligomerisation has occurred. It is envisaged that, dependent on the intimacy of the mix, TAC would be added into the chains either as single, double, or treble molecules or possibly TAC polymerisation occurred. This was supported by separate studies, which showed that compression moulding TAC alone gave a gel content of only 1 % whereas compression moulding of TAC and DCP (in the absence of polymer) in the ratios 1:8 and 1:20 gave gel contents of 97.6 and 98.8 % respectively. These findings strongly suggest that TAC itself is not a crosslinking agent but promotes crosslinking by being able to act as a radical trap and stabiliser which is capable of being incorporated into the network in the presence of free radicals produced by dissociation of DCP.
Consequently it seems logical to assume that a certain limiting concentration of TAC is required to effectively increase the crosslinking efficiency but at higher concentrations, dimerisation to polymerisation of the TAC molecules occurs thus the additional TAC is not effective in further network formation.
This aspect required further investigation but the conclusion is generally supported by the work of Simunkova et al (18) . They found that simultaneous polymerisation of TAC monomer occurred especially at higher TAC contents. This then diminishes the crosslinking effectiveness.
Effect of TAC concentration on gel content using a fixed concentration of DCP (0.25 phr)
To investigate the limiting effect of the addition of TAC, crosslinked polyethylene samples were made using a fixed concentration of 0.25 phr DCP and varying the crosslinking promoter concentration in the range of 0.1 to 5.0 phr. The concentration of 0.25phr DCP was selected due to the fact that a reasonable degree of crosslinking was obtained with DCP alone (approximately 53% and 48% gel in 1808 and 1908 respectively). The study was performed for both grades of LDPE with results as shown in Figure 3 . The results appear to indicate that there are three regimes of gel content behaviour as the concentration of the crosslinking coagent increases. Up to 0.5 phr of TAC, the gel content rises approximately linearly suggesting efficient use of the crosslinking promoter.
In the second regime, from approximately 0.5 to 2.0 phr TAC, the gel content continues to rise but at a markedly reduced rate. This suggests that for cost-effectiveness, a concentration of 0.5 phr would most suitable. Finally there is a strong indication that, within the limits of experimental error (± 3% of the mean), higher concentrations of TAC (phr) actually result in a marginal decrease in gel content.
These findings strongly suggest that a relatively low concentration (~ 0.5 phr) of TAC is evenly dispersed amongst the polymer system and thus contributes most efficiently to a gel content increase. On the other hand, it was previously shown that TAC has the propensity to polymerise in the presence of free radicals. It may therefore be envisaged that, above the limiting spatial concentration, higher local concentration of TAC molecules could result in oligomerisation within the network. These additional TAC molecules are therefore wasted and do not contribute to increased efficiency of crosslinking. This hypothesis explains the levelling off and slight reduction in gel content at TAC concentrations greater than 0.5 phr. This was further supported by the work of Nethsinghe et. al. (19) in crosslinking polyvinylchloride using trimethylolpropane trimethacrylate (TMPTMA) as an alternative crosslinking promoter where it was shown that higher TMPTMA concentrations resulted in self-polymerisation of TMPTMA.
As a result of the above findings, crosslinking comparisons of 1908 and 1808 were investigated using a fixed concentration of 0.5 phr TAC but varying DCP concentrations (Figure 4) . The graph also includes repeat results for 1808 and 1908 crosslinked with DCP alone. The increased efficiency effect of adding TAC is strongly evident and also, addition of 0.5 phr TAC to the polymer/crosslinking system results in crosslinking performance that, within the limits of experimental error, does not distinguish between the base polymers. This is contrary to the behaviour when crosslinking with DCP alone where 1808 and 1908 showed marked gel content differences in the range up to 0.25 phr DCP. These phenomena are suggested as further evidence that TAC not only increases the crosslinking efficiency but can also act as a bridge to polymer radicals that would otherwise not terminate. That is, even though there are fewer tertiary hydrogens in 1908, the chain radicals that do form are effectively used in network formation.
This will be discussed later when considering initial foaming studies. However, as polyolefin foams are seldom manufactured with a gel content less than 50 % (6) , in the presence of 0.5 phr TAC, the two base polymer grades would be expected to foam in a similar manner. The above argument is based on gel content considerations but Mahapatro et al. (7) also suggest that foaming mechanics are related to melt modulus.
Melt behaviour
Initial melt strength measurements were conducted at 130°C in order to obtain information associated with polymer melt behaviour when foam is expanded at this temperature in the second stage of the heat and chill process (16, 20) . It is noted that crosslinked LDPE samples at degrees of crosslinking lower than 50% gel content did not give significant readings and behaved in a manner more similar to thermoplastic non-crosslinked LDPE. This was due to melting of the very lowly crosslinked polymer in the clamps and very small loads to deform the sample (<0.05 N). Therefore at gel contents less than 50 %, it was not possible to obtain reliable data.
Samples above 50% gel content were used corresponding to 0.5, 0.75 and 1.0 phr for 1808 and 1908 crosslinked with DCP alone (which are concentrations associated with typical foaming systems). Samples crosslinked by DCP and TAC applied the same parameters using appropriate formulations to give gel contents exceeding 50%.
The Effect of varying DCP concentration on melt behaviour of 1808 and 1908
Results were taken from the mean of five readings with an overall experimental error within ± 8%. Table 2 gives the melt modulus, ultimate strength and elongation at break as a function of DCP concentration and gel content for both grades. The results indicate that generally there were no major differences in melt tensile data between the LDPE grades. Generally melt modulus and ultimate strength increased and elongation at break decreased with increasing DCP concentration as was expected. These characteristics are directly related to the increase in gel content with increasing DCP concentration. Other workers (6, 16, 20) observed similar trends.
In order to understand how these effects arise, it is useful to consider the frequency of network-junction points in the crosslinked polyethylene. The number of junctions or chain links increase with increasing gel content, providing a better stress distribution in the sample and thus a higher resistance towards fracture (21) . During initial stretching, the stress increase does not result from primary bond failure but from overcoming secondary valence forces with a wide range of cohesive energies (22) . As the strain increased beyond the yield stress, the junctions rupture, firstly the weaker ones and then increasingly the stronger ones.
Crosslinking tends to increase the stiffness (modulus) of the polymer and a higher content of junction points in crosslinked polyethylene (i.e higher gel content) may provide a more efficient transfer of stress and deformation between adjacent molecules and thus the structure has a higher resistance towards fracture.
Moreover it can be seen that the breaking strain decreases with increasing peroxide concentration. This effect may be caused by two factors:
i.
the increase in the degree of crosslinking reducing the freedom of chain movement and restricting plastic flow ii. the chains align themselves in the direction of stretching and the network becomes increasingly difficult to extend further.
Effect on melt behaviour of crosslinking systems containing TAC
1808 and 1908 were crosslinked with 0.25 phr DCP whilst varying the concentration of TAC. Table 3 shows the results where it is notable that the gel content increased from 0.5 to 2.0 phr of TAC then, in both cases, fell away when using 5.0 phr TAC concentration. This is in line with Figure 3 . From previous results, it would be therefore be expected that melt modulus and ultimate strength would decrease at 5.0 phr TAC accompanied by increase in elongation at break, however Table 3 shows that this is not the case. The behaviour is better characterised by also considering the detailed melt stress-strain curves as shown in Figure 5 . This shows melt tensile behaviour of 1808 crosslinked with DCP alone and DCP/TAC systems at approximately similar gel content of 70 % and two further curves with higher TAC concentrations and gel content. The curves indicate that the formulation without TAC gave much higher elongation at break and marginally lower melt strength compared to the sample of similar gel content but crosslinked with 0.25 phr DCP and 0.5 phr TAC. Considering equation 1.3, the melt modulus is directly proportional to crosslink density. Therefore the results strongly suggested that the addition of TAC into the system increased the crosslink density even though gel contents were similar i.e. a more tightly bound structure was formed with the DCP/ TAC system. This indication was further supported when increasing the TAC concentration above 0.5 phr. It showed that the system with 5.0 phr TAC gave significantly lower elongation at break and higher melt strength compared to 2.0 phr TAC even though the gel content was lower (as shown in Table 3 ). These limited findings therefore suggest that gel content alone may be insufficient to predict the foaming behaviour of the crosslinked material. These results strongly suggest an increased crosslink density (lower chain length between crosslink junctions) within the insoluble or network fraction. Only this scenario would account for the observed phenomena. By presenting selected results in an alternative form ( Table 4 ) the effect of formulations giving similar gel content in the range associated with foamable systems can be observed. It shows that, the addition of TAC into the system gave significantly higher melt modulii and lower elongations at break compared to crosslinking with DCP alone. This again supports the above discussion where it was proposed that the presence of TAC results in an increase crosslink density within the network. These postulations lead to the need to extend the characterisation techniques to more fully define crosslinking in terms of swell ratio, crosslink density and estimates of molar mass between crosslink junction points. Analytical techniques such as FTIR, electron spin resonance and NMR may also be required to more fully understand the mechanisms. This is the subject of further work, which will also attempt to relate physical and chemical parameters to foaming mechanisms, structure and properties.
Effect of increasing DCP concentration on foam density and cell size for traditional crosslinking systems Figure 6 shows the effect of DCP concentration on foam density for both LDPE grades. The results indicate that within the limits of experimental error (± 5 %) DCP concentrations above 0.25 phr gave results that were similar for both base polymers. It was also observed (though not fully appreciated at this scale) that above this critical concentration, the foam density increases marginally with increasing DCP concentration.
This slight increase in foam density is related to higher gel content giving higher melt modulus and thus greater resistance to expansion with increasing peroxide concentration. Consequently, density reduction was limited in accordance with the theory propounded by Mahapatro et. al. (7) . Further, the results at DCP concentrations above 0.25 phr (above approximately 50% gel content) support those of other workers (6, 20) who indicated that stable foam formation is only achieved at gel contents higher than 50%.
Conversely, Figure 6 shows markedly higher and different densities at 0.1 phr DCP. This behaviour directly relates to gel contents ( Figure 1 ) where 1808 (~ 43% gel) provided sufficient melt strength to retain most of the blowing gas and enough thermal stabilisation to prevent major thermal collapse. In contrast, 1908 (~ 6% gel) had insufficient melt strength to retain the bulk of the gas and insufficient crosslinking to stabilise the foamed structure against collapse. Consequently, the foam density was similar to non-crosslinked material.
Above the critical gel content for stable foam formation, the work of Khunniteekool (23) and O'Connor (6) would suggest a reducing cell size with increasing gel content. This is confirmed in Figure 7 . The cell size reduction with increasing gel content is considered to be directly related to the higher degree of crosslinking, which increases melt modulus and restricts expansion.
Again there was no significant difference between the cell size results obtained from 1808 and 1908. Therefore it can be concluded that at gel contents above 50% LDPE of similar molecular weight but different molar mass distributions seemed to have no significant effect on crosslinking, melt mechanical properties or foaming behaviour. Initial studies of the effect of TAC on foaming behaviour Figure 8 shows when using a fixed TAC concentration of 0.5 phr the density increased with increasing DCP concentration. This is consistent with previous results that showed, in the presence of TAC, the gel content and melt modulus were significantly increased compared with DCP alone.
Of considerable interest is the fact that a crosslinking system of 0.1/0.5 DCP/TAC gave a foam density of 55 kg m -3 compared with 420 kg m -3 when using 0.1 phr DCP alone. It is again stressed that the radical concentration generated by the above systems was identical, further emphasising the positive promotion of crosslinking efficiency by TAC.
Foaming behaviour compared formulations of 1808 with and without TAC which were selected to give a similar gel content of approximately 69% (0.75 phr DCP and 0.25 phr DCP with 0.5 phr TAC). Surprisingly, within the limits of experimental error of ± 5%, both systems gave similar foam density (62 and 64 kg m -3 respectively). This behaviour was not predicted by the theory of Mahapatro et al. (7) as the higher melt modulus of the formulation containing TAC (Table 2) would have been expected to increase the density somewhat further. However the system containing TAC showed a significantly smaller cell size ( Figure 9 ). Even though the polymer and gas fractions were similar (as signified by similar foam Figure 7 Effect of gel content on mean cell size diameter density) it appeared that the major contribution of increased melt modulus with the TAC system was to promote cell nucleation rather than restrict expansion (i.e. increase foam density). It is thought that this may be related to structural modification of the polymer matrix caused by the introduction of TAC. Further investigation is required to clarify the phenomenon.
Further, foaming of 1808 was performed using crosslinking systems of 0.25 phr DCP with 2.0 and 5.0 phr TAC which resulted in gel contents of 78.5 and 75.5 % respectively. These foams showed a higher proportion of flaws that manifested themselves as voids and severe surface cracking which were not evident in expansion of foams of similar gel content crosslinked by DCP alone. This appeared to be the result of significantly higher crosslink density and melt modulus coupled with lower elongation at break in samples containing the higher concentrations of TAC. The observed phenomenon strongly suggested that foaming behaviour could not be predicted on the basis of gel content alone.
CONCLUSIONS
Polyethylenes of similar number average molecular weight but dissimilar molecular weight distribution showed similar crosslinking behaviour at gel contents typically used in the manufacture of chemically crosslinked LDPE foams. The degree of crosslinking, physical and mechanical properties were similar in both the solid matrix and foam. However, at gel contents below 50%, results suggested that greater chain branching produced higher crosslinking efficiency.
Introduction of TAC into DCP curing systems showed that the polyfunctional monomer acted as a crosslinking promoter i.e. the presence of TAC allowed a reduction in peroxide concentration to achieve the same gel content compared with DCP alone. However, there was a limiting concentration of TAC for maximum crosslinking efficiency above which the effect levelled off and eventually reduced. This was attributed to TAC oligomerisation.
It was also concluded from melt tensile properties and foaming, that TAC increased the crosslink density within the network at specific gel contents compared with peroxide curing alone. This resulted in higher nucleation density in the foams.
The results indicated that gel content alone is not a suitable parameter to predict foaming characteristics when crosslinking promoters are used in the formulation.
